Introduction
With massive consumption of fossil resources and increasingly serious pollution of environment, there is an increasing demand for the renewable and clean energy, which is considered as the most suitable succedaneum of traditional energy. [1, 2] Owing to the superiority of high operating voltage, enhanced energy density, long cycling lifetimes, and quick charge-discharge capacity, lithium ion batteries (LIBs) have shown significant practical in a new-generation energy storage devices. [3, 4] Graphite, a low-cost material, is extensively employed as the state-of-art LIBs anode. [5, 6] However, low theoretical gravimetric capability (372 mA h g À1 ) greatly impedes its further improvement. To cope with above challenges, metal oxides (MOs), such as Co 3 O 4 , [7] NiO, [8] MnO, [9] ZnO, [10] and SnO 2 , [11] have been extensively researched as anode materials with their advantages of attractive theoretical capacity and abundant resources. Among them, In 2 O 3 has attracted much attention due to mature preparation technology, environmental protection, low working voltage and promising lithium storage capacity (theoretically 965 mA h g À1 upon 10 Li + per In 2 O 3 ). [12, 13] Nevertheless, the practical application of In 2 O 3 is still limited by low conductivity and incorrigible volume expansion upon the lithiation processes, which tends to cause electrode fracture, low coulombic efficiency, and limited cycle performance. [14] It is necessary to develop a structural design for In 2 O 3 based electrodes to improve their battery performance because material microstructure exerts significant impact on the electrochemical performance. [13] Metal-organic frameworks (MOFs), a crystal structure comprising metal ions and organic ligands and possessing great specific surface, high porosity and excellent thermal stability, are considered as the promising hosts or active materials in supercapacitors, catalysis, molecular separation, batteries, gas adsorption, and so on. [15] [16] [17] Unlike the strategy that sacrificing templates within MOFs precursors to obtain porous carbon materials, it is more feasible to fabricate hierarchically metal oxide/porous carbon composite electrode with ideal structural relationship by annealing MOFs precursors directly in inert atmosphere. [16] Furthermore, in situ hetero atoms doping can be realized in the hierarchically porous matrix with the decomposition of the organic ligand during the annealing process, which generates defect sites and enhances the electronic conductivity, thus contributing the ion intercalation and de-intercalation. [18, 19] Zhang et al. [20] grew uniform ZnO@-ZIF-8 nanorod arrays (NRAs) on carbon cloth directly via in situ synthesis. These as-prepared freestanding electrodes exhibited outstanding lithium storage performance with 699 mA h g À1 specific capacity at 500 mA g À1 after 100 cycles. Additionally, Zheng et al. [21] Exploring electrode materials with attractive specific capacity and prominent cyclic durability is of the essence for promoting lithium ion batteries (LIBs). In 2 O 3 has shown an extraordinary promise for LIBs with advantageous gravimetric capacity (theoretically 965 mA h g À1 ) and low working voltage. However, In 2 O 3 still suffers from the inherent weaknesses of metal oxides in practical application, especially low conductivity and incorrigible volume expansion upon the cycling process. Here, we demonstrate the architecture of metal-organic framework (MOF)-derived In 2 O 3 nanocrystals/hierarchically porous nitrogen-doped carbon composite (In 2 O 3 /HPNC) for ultra-stable LIBs anode. This hierarchically porous structure (micro/meso/macro-pores) with nitrogen doping not only ensures exceptional mechanical strength and accommodates the volume expansion of In 2 O 3 nanocrystals, but also offers electrons and lithium ions efficient interpenetrating pathways to migrate rapidly during charge/discharge processes. Thus, In 2 O 3 /HPNC exhibits excellent cyclic stability with a high specific capacity of 623 mA h g À1 over 2000 cycles at 1000 mA g À1 , corresponding to an ultra-low specific capacity decay of 0.017% per cycle (the best among the In 2 O 3 -based anode for LIBs), and outstanding rate performance, suggesting a critical step toward achieving long-life and high-rate LIBs in practical devices. 100 mA g À1 after 100 cycles. Although substantial efforts have been put into enhancing the electrochemical performance, the improvement of cyclic stability and rate performance was not very significant and satisfactory.
Herein, we synthesized a MOF-derived In 2 O 3 nanocrystals/hierarchically porous nitrogen-doped carbon composite (In 2 O 3 /HPNC) applied in high-performance LIBs. In 2 O 3 /HPNC with hierarchically porous structure (micro/meso/macro-pores) and in situ doped nitrogen can efficaciously alleviate the volume expansion of In 2 O 3 nanocrystals, also accelerate the migration of electrons and lithium ions, and promote the reaction kinetics of the entire electrode system. Therefore, In 2 O 3 /HPNC exhibits high reversible capacity (755.5 mA h g À1 at 100 mA g À1 over 450 cycles), and remarkable cyclic durability (a reversible capacity of 623 mA h g À1 at a high current density of 1000 mA g À1 over 2000 cycles with an ultra-low capacity decay of 0.017% per cycle, the best among the In 2 O 3 -based anode for LIBs), implying that In 2 O 3 /HPNC is a potential anode material for ultra-stable LIBs.
Results and Discussion
NH 2 -MIL-68(In), a typical MOF comprising one-dimensional corner sharing InO 4 (OH) 2 infinite chains and the 2-aminoterephthalic acid ligands, can form stable structure of metal oxide/nitrogen-doped carbon composite after thermal decomposition. [22] In accordance with the solvothermal method previously reported, [23] an uniform rod-like NH 2 -MIL-68(In) was obtained as precursor of In 2 O 3 /HPNC. After thermal decomposition process in argon atmosphere, the well-aligned rod-like NH 2 -MIL-68(In) precursor was transformed into In 2 O 3 /HPNC composite. Figure 1a ,b display that an interlaced rod-like structure was well-maintained after high-temperature treatment. Unlike In 2 O 3 / HPNC, the pure In 2 O 3 obtained by annealing precursor in air exhibits significant fracture, resulting that the In 2 O 3 nanocrystals are exposed without protection of carbon matrix (Figures S1 and S2, Supporting Information). Furthermore, the NH 2 -MIL-68(In) is transformed into hierarchically porous structure with sufficient inner space after the thermal decomposition process (Figure 1b-d ). From the HRTEM image ( Figure 1e , Figure S3 , Supporting Information), In 2 O 3 nanocrystals are embedded evenly in the hierarchically porous carbon matrix, which guarantees a strong adhesive force between In 2 O 3 nanocrystals and carbon matrix, ensuring the rapid movement of electron and ion on the electrodes. The interplanar spacing is 0.292 nm and 0.253 nm, consist with the (222) and (400) planes of In 2 O 3 , respectively ( Figure 1e ). Accordingly, the selected area electron diffraction (SAED) pattern (inset in Figure 1e ) exhibits (222) and (400) crystal plane diffraction rings, further demonstrating the pleomorphic characteristic of In 2 O 3 /HPNC. Figure 1f -j reveals the elements of C, In, and O uniformly distributing throughout the entire architecture. Noting that the nitrogen element is uniformly distributed in the rod-like structure (Figure 1k ), which derived from the pyrolysis of high-nitrogen-contained MOFs.
XRD, Raman spectroscopy, nitrogen adsorption/desorption analysis, and X-ray photoelectron spectroscopy (XPS) were performed to further clarify the detailed structure and composition information. The XRD patterns of In 2 O 3 /HPNC and In 2 O 3 tally well with c-In 2 O 3 (JCPDS 06-0416) (Figure 2a ). However, the Bragg diffraction peak of carbon does not appear in In 2 O 3 /HPNC spectrum due to the high intensity of the characteristic peak of In 2 O 3 , while two apparent bands of Raman spectrums of In 2 O 3 /HPNC emerging at 1355 cm À1 (disordered carbon) and 1592 cm À1 (graphitic carbon) indicate the existence of carbon material (Figure 2b ).
In Figure 2c , nitrogen adsorption-desorption isotherm shows In 2 O 3 /HPNC is Ⅳ type with H 3 type hysteresis loops. It is clear that pore size of In 2 O 3 /HPNC is distributed in the range of 0-90 nm (inset in Figure 2c ). The hierarchical pores (micro/meso/ macro-pores) might be attributed to the slit or wedge-shaped pore and interlaced rod-like structure arising from the stacking of nanoparticles, corresponding to the SEM images. The BET surface area of In 2 O 3 /HPNC is evaluated to be 126.5 m 2 g À1 , while it is only 21.5 m 2 g À1 for pure In 2 O 3 with the pore diameter ranging from 0 to 110 nm ( Figure S4 , Supporting Information), which indicates that the collapse of the rod-like structure after decarburization makes the In 2 O 3 nanocrystals bonded more closely. The larger surface and abundant pore structure of In 2 O 3 /HPNC can not only greatly promote electrolyte to infiltrate into the electrode and reduce the diffusion path, but also expose more active sites to enhance the capacitive contribution of electrode. To evaluate the content of each component, TGA was measured. Based on the weightlessness of carbon under air atmosphere, almost no weight loss is observed for the pure In 2 O 3 (Figure 2d ), while the contents of carbon and In 2 O 3 in the as-synthesized In 2 O 3 /HPNC were approximately 12 wt% and 88 wt%, respectively. Apparently, the high proportion of the In 2 O 3 active material under in situ carbonization conditions can highly improve the overall capacity and practical application. [20] X-ray photoelectron spectroscopy full range spectra (Figure 2e ) depict the existence of C, In, O, and N, which matches up with the EDX mapping results. In addition, the detailed content of each element is listed in Table S1 Figure 2h ). Besides, presence of nitrogen in In 2 O 3 / HPNC is also evidenced by the three major characteristic signals at 398.5 eV (pyridinic N), 399.4 eV (pyrrolic N), and 400.7 eV (graphitic N) ( Figure 2i ). Among them, pyridinic N and pyrrolic N have a significantly strong Li-adsorption ability, which are conducive to improve the electrochemical performance, and the graphitic N with the electron-rich structure of the graphitic carbon is beneficial to improving the electroconductivity of carbon matrix. [24, 25] To demonstrate the remarkable electrochemical properties of In 2 O 3 / HPNC, we assembled coin cells employing metallic lithium as the cathode and In 2 O 3 /HPNC (or In 2 O 3 ) as the anode. Figure 3a depicts the CV of In 2 O 3 /HPNC at a scanning rate of 0.5 mV s À1 with the voltage ranging from 0.01 to 3 V. Obviously, two distinct cathodic peaks at 0.43 V and 0.65 V appearing in the first discharge curve should be allocated to the stepwise formation of Li x In alloy during lithium insertion. Due to the irreversibility of the first cycle of In 2 O 3 , the two strong peaks weaken gradually and shift to 0.32 V and 0.49 V in the following cycles. Moreover, CV curves of In 2 O 3 /HPNC in the second and fifth cycles overlap well, suggesting the electrode showcases a good reversibility. Besides, several homologous anodic peaks appear at 0.46 V, 0.68 V, 1.13 V, and 1.17 V, due to dealloying of Li/In in the charge process. The peak at 2.62 V only presenting in the first Energy Environ. Mater. 2020, 0, 1-9 oxidation stage is supposed to subsidiary dealloying reaction of Li x In and the formation of metallic phase indium. [26] By summarizing the above process and previous reports, [26, 27] the electrochemical reactions of In 2 O 3 /HPNC are suggested as follows:
In þ xLi þ þ xe À $ Li x In Additionally, Figure S5 , Supporting Information shows the redox process of pure In 2 O 3 . During the first cycle of discharge, a stronger cathodic peak at 0.57 V and a weaker cathodic peak at 0.42 V are classified as the process of Li x In alloying. The oxidation peaks at 0.45, 0.68, 1.01, 1.72, and 2.6 V correspond to the process of dealloying. Although In 2 O 3 /HPNC and In 2 O 3 deliver similar alloying/dealloying process, pure In 2 O 3 exhibits poor cycle reversibility compared to In 2 O 3 /HPNC owing to quite different curves in the second and fifth cycles. Figure 3b shows the charge-discharge curves of In 2 O 3 /HPNC the 1st, 2nd, 5th, 100th, 250th, and 450th between 0.01 and 3 V at 100 mA g À1 . Two long voltage plateaus between 0.80 V and 0.43 V are observed at the first discharge curve, and there is a large capacity loss between the first cycle and the second cycle (Figure 3a) . Figure S6a,b, Supporting Information also present two similar discharge plateaus at 200 mA g À1 and 1000 mA g À1 . That can be ascribed that solid electrolyte interphase (SEI) was formed and metal oxide transformed into metal and Li 2 O during the discharge process. Since the SEI and Li 2 O are formed mainly in the first step, the voltage plateaus of the subsequent discharge-charge curve are almost the same, which indicates promising reversibility. Besides, the charge-discharge curves of pure In 2 O 3 at 100, 200, and 1000 mA g À1 (Figure S7a Information) exhibit long voltage plateaus at about 0.75 V with poor reversibility in the first five laps and lower capacity. Figure 3c ,d are the cyclic stability performance of In 2 O 3 /HPNC and pure In 2 O 3 . As shown Figure 3c , In 2 O 3 /HPNC exhibits an initial capacity of 1141 mA h g À1 and maintains 755.5 mA h g À1 at 100 mA g À1 over 450 cycles. The initial columbic efficiency is just 62.5%, but it quickly reaches to nearly 99% after 20 cycles and levels out in further cycles. Three feasible strategies have also been proposed to improve the initial coulombic efficiency: 1) surface modification of nanostructured electrode materials, [28] 2) electrolyte optimization, [29, 30] and 3) pre-lithiation. [31] Obviously, specific capacity of In 2 O 3 /HPNC experiences a descent process at first and then gradual ascending process to a stable. In fact, with the electrolyte slowly infiltrating into the electrode via porous structure, the active materials were fully activated and the specific capacity gradually increased to a stable value. [9, 21, 32, 33] Under the same condition, pure In 2 O 3 reflects a significant decay initially and maintains a low specific capacity (180 mA h g À1 ). The same phenomenon is found at 200 mA g À1 .
To probe the stability of electrode structure, the electrode materials after cycling were observed by TEM. As displayed in Figure S8a , Supporting Information, In 2 O 3 /HPNC can maintain a rod-like structure at 200 mA g À1 even over 650 cycles. Figure 3e -i present that the four elements, C, O, In, and N, are still evenly distributed throughout the structure. Although the In 2 O 3 nanocrystals display obvious volume expansion after long-time cycling, the particles show no obvious pulverization due to the efficient protection of the hierarchical carbon matrix, resulting in the prominent cyclic durability of In 2 O 3 /HPNC ( Figure S8a, Supporting Information) . In contrast, Figure S8b , Supporting Information shows the microstructure of pure In 2 O 3 nanocrystals under same current density after 150 cycles. The In 2 O 3 nanocrystals were severely crushed without a rod-like structure, resulting in a sharp decline in specific capacity. As shown in Figure 4a , it is a remarkable fact that In 2 O 3 /HPNC anode exhibits a high reversible capacity of 623 mA h g À1 with a ultra-low capacity decay of 0.017% per cycle at a high rate of 1000 mA g À1 over 2000 cycles, far better than that of pure In 2 O 3 (only 117 mA h g À1 at same current density over 350 cycles, Figure 4a) . Moreover, the comparison between In 2 O 3 /HPNC and other In 2 O 3 -based electrodes shown in Table 1 indicates that In 2 O 3 / HPNC in this work exhibits the best cyclic stability for LIBs in recent years. The hierarchically porous nitrogen-doped carbon matrix not only provides excellent structural stability to buffer the volume expansion, but also ensures fast ion and electron transport during the whole charge/discharge process, thus affording the outstanding cyclic performance.
Except for specific capacity and remarkable cyclic ability, the rate capability is a pivotal index of the LIBs. The charge/discharge curves of In 2 O 3 /HPNC exhibit excellent capacity retention at various current densities ( Figure S9 , Supporting Information). Even at 10 000 mA g À1 and 20 000 mA g À1 , In 2 O 3 /HPNC can display a reversible discharge capacity of 222 mA h g À1 and 136 mA h g À1 , respectively. Apparently, the capacities are much higher than the performance of pure In 2 O 3 at same conditions. Figure 4b illustrates the remarkable rate capability of In 2 O 3 /HPNC, with high firm reversible capacities of 617, 592, 515, 459, 395, 298, 245, 222, 182, and 136 mA h g À1 at 100, 200, 500, 800, 1000, 1500, 2000, 5000, 15 000, and 20 000 mA g À1 , respectively. Obviously, the specific capacity of In 2 O 3 /HPNC slowly decreases as the current density increases to 20 000 mA g À1 . In 2 O 3 /HPNC could still reach 577 mA h g À1 once the current returns to 100 mA g À1 . Outstanding conductivity of In 2 O 3 /HPNC and the rapid migration of electrons and lithium ions, owing to the nitrogen doping and hierarchical pore structure, result in higher utilization of materials and rate capability than that of pure In 2 O 3 under various current densities.
To further interpret such a good rate performance of In 2 O 3 /HPNC electrodes, CV tests under various scanning rates from 0.2 to 5 mV s À1 were also carried out. As a result in Figure 4c , with the scanning rate increasing, the area enclosed by the CV curves gradually increases while the redox peaks scarcely shift, indicating remarkable electrode reaction kinetics. The electrochemical kinetics was analyzed and calculated based on the following three equations: [34] [35] [36] i ¼ av b
(1)
where i corresponds to the current (A) under a fixed voltage; v corresponds to the sweep rate (mV s À1 ); a and b are both adjustable parameters; and k 1 and k 2 are constants derived from the fitting results of i and v. Generally, the b value can determine the electrode reaction whether a diffusion-controlled process (b = 0.5) or a surface process (b = 1). [37] As shown in Fig. 4d , the b value is approximately 0.673 for cathodic current peaks and 0.735 for anodic current peaks, respectively, illustrating that diffusion-ion behaviors and surface-reacted behaviors simultaneously involve in determining the electrode reaction kinetics. The surface process is a non-diffusion-ion controlled mechanism, which emerges in the surface or near-surface of the electrode, and much faster than diffusion-controlled process. [38] To figure out the proportion of the non-diffusion-controlled contribution to total capacity of In 2 O 3 / HPNC, the detailed value was obtained according to the Equation (3) . With the scanning rates increasing, the diffusion contribution is restrained, while the contribution from non-diffusion-controlled mechanism (k 1 v) to the total capacity is increased (Figure 4e ). This result implies that the lithium storage in the charge/discharge process is principally controlled by the non-diffusion-controlled electrochemical process at the high scanning rate, which is further confirmed by the excellent rate performance of In 2 O 3 /HPNC. The excellent property is mainly attributed to the nitrogen doping and hierarchically porous carbon matrix, which can provide higher surface-capacitive capacity. [39] The EIS was performed to further discuss the rapid reaction kinetics of In 2 O 3 /HPNC. Figure S10a , Supporting Information shows two typical Nyquist plots corresponding to In 2 O 3 /HPNC and pure In 2 O 3 electrodes, respectively. Both of them comprise a depressed semicircle in the medium to high frequency range in connection with the SEI (R SEI ) and the charge transfer (R ct ), and a steep line related to the Warburg impedance (Z W ). Additionally, the small intercept in the beginning of the plots is the intrinsic resistance (R e ) (inset of Figure S10a , Supporting Information). [40] The equivalent circuit diagram of the electrode is obtained by Zview software fitting ( Figure S10b , Supporting Information), and the value of R e and R ct is listed in Figure S10c 
Conclusion
In summary, we report the architecture of MOF-derived In 2 O 3 nanocrystals/hierarchically porous nitrogen-doping carbon by a facile and scalable strategy. In 2 O 3 /HPNC with nitrogen doping and hierarchically porous structure not only effectively relieves the volume change during the alloying/dealloying process, but also provides efficient interpenetrating pathways for the rapid migration of electrons and lithium ions during cycling, as well as offers sufficient active sites to the rapid reaction kinetics. Therefore, In 2 O 3 /HPNC exhibits high reversible capacity, robust cycling performance (623 mA h g À1 over 2000 cycles under the high current density of 1000 mA g À1 with an ultra-low specific capacity decay of 0.017% per cycle, the best among the In 2 O 3 -based anode for LIBs), and outstanding rate performance, indicating a great application potential as anode for ultra-stable LIBs.
Experimental Section
Materials Preparation: The preparations of In 2 O 3 /HPNC and In 2 O 3 : the amino-functionalized indium-based MOF (NH 2 -MIL-68(In)) was synthesized based on the reported procedure. [23] Typically, 2aminoterephthalic acid (0.462 5 g, 2.5 mmol), benzoic acid (0.080 7 g, 0.6 mmol), and pyridine (0.4 mL, 5 mmol) were dissolved in 15 mL N,N-dimethylformamide (solution A). Indium nitrate hydrate (1.068 g, 3.5 mmol) was dissolved in 10 mL N,N-dimethylformamide (solution B). The mixture solution of A and B was stirred for 15 min and then transferred into an autoclave, followed by thermal treatment at 125°C for 5 h. After cooled to room temperature, a yellow precipitate was collected by centrifugation and purification with ethanol washing. The as-obtained power was dried at 60°C in an oven overnight to get the precursor NH 2 -MIL-68(In). The precursor was annealed in an argon flow tube furnace at 600°C for 3 h with a ramp rate of 2°C min À1 , yielding the desired In 2 O 3 /HPNC composite. In addition, the pure In 2 O 3 could be achieved by treating NH 2 -MIL-68 (In) in the same thermal condition under air atmosphere.
Materials characterization: The field-emission scanning electron microscopy (SEM, TESCAN MIRA3) and transmission electron microscopy (TEM, JEOL JEM-2100F) collected the sample morphologies. X-ray [41] h-In 2 O 3 30 50 390 1.37 [42] In 2 O 3 /C nanosheet 100 100 869 0.46 [26] 200 100 687 0.54 GM-In 2 O 3 (S) 96.5 100 480 0.64 [14] porous In 2 O 3 /carbon 100 150 720 0.33 [43] In 2 O 3 /CF 100 500 435 0.09 [44] In 2 O 3 /nanofibers 100 200 526.7 0.3 [45] C/In 2 O 3 100 100 1639 0.28 [46] 400 400 782~0.15
C-In 2 O 3 30 40 201 2.07 [47] In 2 O 3 -NC 193 100 910 0.46 [12] In 2 O 3 @FUACNFF 200 500 545.6~0.1 [27] 1000 1000 324.1~0.057 Energy Environ. Mater. 2020, 0, 1-9 diffraction (XRD, Shimadzu XRD-6100) with Cu K a and Raman spectrometer with a 532-nm excitation laser (Renishaw inVia-reflex) offered the XRD pattern and Raman spectra, respectively. An absorption analyzer (Micromeritics ASAP 2020) detected pore structure distributions and surface areas based on BET method and nitrogen adsorptiondesorption isotherm at 77 K. The contents of carbon and In 2 O 3 in the composite were analyzed by thermogravimetry (TGA, Thermo Fisher Scientific SCALAB 250Xi) at a ramp rate of 10°C min À1 in air. Battery assembly and electrochemical measurements: Anodes were prepared as follows: 70 wt% electrode material (In 2 O 3 /HPNC or In 2 O 3 ) and 20 wt% carbon black and 10 wt% sodium carboxyl methylated cellulose (CMC) were homogenized in the mixture solution of deionized water and ethanol by uninterruptedly stirring for 8 h. Then, the slurry was uniformly applied to 8-lm-thick copper foil and dried at 60°C overnight in a vacuum oven. Mass loading of the anode materials was about 0.8-2 mg cm À2 with electrode diameter of 1.2 cm. CR 2032 coin-type cells with Celgard 2400 separator were assembled, utilizing lithium metal as cathode and 1 M LiTFSI and 1 wt% LiNO 3 solution in DOL/DME (1:1 v/v) as the electrolyte. The entire procedure of assembly was completed in an Ar-filled glovebox. The electrode capacity was collected using LAND galvanostatic charge/discharge instrument. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were detected on an electrochemical station (IVIUM Technologies BV, Vertex.One. EIS).
